Increasing rates of insecticide use against the coffee leaf miner Leucoptera coffeella (Guérin-Méneville) and field reports on insecticide resistance led to an investigation of the possible occurrence of resistance of this species to some of the oldest insecticides used against it in Brazil: chlorpyrifos, disulfoton, ethion and methyl parathion. Insect populations were collected from ten sites in the state of Minas Gerais, Brazil and these populations were subjected to discriminating concentrations established from insecticide LC 99 s estimated for a susceptible standard population. Eight of the field-collected populations showed resistance to disulfoton, five showed resistance to ethion, four showed resistance to methyl parathion, and one showed resistance to chlorpyrifos. The frequency of resistant individuals in each population ranged from 10 to 93% for disulfoton, 53 to 75% for ethion, 23 to 76% for methyl parathion, and the frequency of resistant individuals in the chlorpyrifos resistant population was 35%. A higher frequency of individuals resistant to chlorpyrifos, disulfoton and ethion was associated with greater use of insecticides, especially other organophosphates. This finding suggests that cross-selection, mainly between organophosphates, played a major role in the evolution of insecticide resistance in Brazilian populations of L. coffeella. Results from insecticide bioassays with synergists (diethyl maleate, piperonyl butoxide and triphenyl phosphate) suggested that cytochrome P450-dependent monooxygenases may play a major role in resistance with minor involvement of esterases and glutathione S-transferases.
Introduction
The coffee leaf miner Leucoptera (=Perileucoptera) coffeella (Guérin-Méneville) (Lepidoptera: Lyonetiidae) is a monophagous insect that is the main pest of one of the major agriculture commodities of Brazil -coffee (Reis & Souza, 1984; Souza et al., 1998) . This insect species is also an restricted to the Neotropical region (Reis & Souza, 1984) and commonly referred to in Brazil by its synonymPerileucoptera coffeella (Guérin-Méneville), following a suggestion based on insects from Trinidad (Silvestri, 1943) . However, the latest review of the genus Leucoptera, carried out by Mey (1994) , recognized Perileucoptera as a junior synonym of Leucoptera. Therefore the use of P. coffeella should be avoided in favour of L. coffeella, as earlier acknowledged by Green (1984) and more recently by Mey (1994) .
Despite earlier reports of its introduction into Brazil, the outbreaks of L. coffeella in the country were sporadic up to 1970 (Reis & Souza, 1984) . Only after the expansion of the coffee plantations in Brazil and the modifications introduced to the traditional cultivation practices with the Renewal and Strengthen Plan of Coffee Plantations put forward by the Federal Government from 1969-1970 to 1979-1980, did L. coffeella become a problem. The new coffee plantations with reduced stands and modified cultivation practices, such as frequent fungicide sprayings for control of coffee rust Hemileia vastratrix (Berk. et Br.) (Pucciniaceae), seem to have favoured more frequent and longer outbreaks of L. coffeella (Souza et al., 1998) . This species seems to benefit from warmer and drier conditions (Reis & Souza, 1986) and, once favoured by the new cultivation practices, has become the main pest of coffee in Brazil (Reis & Souza, 1984; Souza et al., 1998) .
The leaf miner larva attacks coffee plants in the mid and upper parts of the canopy, where it mines the leaves reducing plant photosynthetic area (Reis & Souza, 1986; Souza et al., 1998) . As a result of such injury, the mined leaves drop prematurely from the plant, especially during the dry season, leading to a reduction in coffee yield and, if sufficiently frequent, reducing plant longevity (Reis & Souza, 1986; Souza et al., 1998) .
Adults of L. coffeella are reported to be active at twilight and during the night (Reis & Souza, 1984; Souza et al., 1998) , but recent investigations have shown that the peak of female capture in pheromone traps occurs at midday (Michereff, 2000) , casting doubts on these earlier reports. Predatory wasps are commonly reported as the main natural enemies of L. coffeella in Brazil (Reis & Souza, 1986; Souza et al., 1998) . However, it seems that parasitism in this pest species is underestimated due to frequent predation of parasitized larvae (Avilés, 1991; Reis et al., 2000) . The interaction between predatory wasps (Brachygastra lecheguana Latreille, Polybia scuttelaris (White) and Protonectarina silveirae (de Saussure) (all Vespidae)) and parasitic wasps (Colastes sp., Eubadizon sp. and Mirax sp. (Braconidae); and Cirrospilus sp., Closterocerus sp., Horismenus sp., Proacrias sp. and Tetrastichus sp. (Eulophidae)) and their apparent overall inefficiency in containing outbreaks of L. coffeella (Avilès, 1991; Reis et al., 2000) , aided by the non-existence of commercial coffee varieties resistant to this species, has led to a heavy reliance on insecticide use for its control from the 1970s.
Organophosphates are the main insecticide group used against L. coffeella in Brazil after it reached its current status as the main coffee pest in the country (Souza et al., 1998; Andrei, 1999) . Pyrethroid use in Brazilian coffee plantations began later in the 1980s and the use of representatives of other insecticide groups is even more recent (Reis & Souza, 1984; Andrei, 1999) . As a result of the heavy insecticide use on Brazilian coffee, the third largest crop for insecticide use in the country with over $50 million annual expenditure (Conceição, 2000) , control failures and insecticide resistance have already been reported (Alves et al., 1992; Guedes & Fragoso, 1999) . Insecticide resistance has also been reported in L. meyricki from Tanzania (Bardner & Mcharo, 1988) . Owing to increasing complaints of control failures with organophosphate use against L. coffeella, the present study was carried out to: (i) detect resistance to major representatives of this insecticide group; (ii) determine how this phenomenon relates to insecticide use, and; (iii) provide preliminary information on the involvement of detoxification enzymes as resistance mechanisms in Brazilian populations of L. coffeella.
Materials and methods

Insects
Ten populations of L. coffeella from the state of Minas Gerais (table 1) , the largest coffee producing state in Brazil, were used in this study. This state can be divided into four major coffee producing regions: west, south, southeast and mid-north. The two first regions produce top quality coffee and are represented in our study by the populations from Araguari, Bambuí, Patrocínio and São Gotardo in the west, and Cambuquira in the south. The southeast region is 204 D.B. Fragoso et al. Therefore, it was used as a standard susceptible population in our study, as in a previous survey (Alves et al., 1992; Guedes & Fragoso, 1999 
Insecticide use and climate data
Information on insecticide use was obtained from appropriate growers and state extension personnel for each of the collection sites. The climatic data were obtained from local Agriculture State Offices.
Chemicals
The four technical grade insecticides used were chlorpyrifos (96% a.i., Dow AgroSciences, São Paulo, Brazil), and disulfoton (97.1% a.i.), ethion (97.8% a.i.) and methyl parathion (80.7% a.i.) (Bayer, São Paulo, Brazil). The three insecticide synergists used were diethyl maleate (DEM, 97% a.i.), piperonyl butoxide (PBO, 90% a.i.) and triphenyl phosphate (TPP, 99% a.i.), which were all obtained from Sigma-Aldrich Química Brasil Ltda. (São Paulo, Brazil). Analytical quality acetone was purchased from ISOFAR Ind. Com. Ltda. (Jacaré, Brazil).
Insecticide bioassays
Concentration-mortality insecticide bioassays were carried out following methods adapted from Siqueira et al. (2000a,b) using insecticide-impregnated filter papers (9 cm diameter). Five to seven different insecticide concentrations ranging from 10 Ϫ4 to 10 2 mg a.i. ml Ϫ1 depending on the insecticide, were applied for each bioassay against the standard susceptible (Viçosa) population; treatments with acetone only were included as controls. Three replicates, each with 20 third instar larvae of L. coffeella were used at each concentration. For each replicate, a filter paper was impregnated with 1 ml of insecticide dissolved in acetone. All filter papers were allowed to dry before use. The same procedure was used for the bioassays using insecticides in mixture with synergists. The use of technical grade insecticides on dry filter paper has been shown to reduce insecticidal pick-up by insects at low relative humidities (< 50%) (Samson & Keating, 1987) , but the bioassays reported here were carried out at 70 ± 5% r.h. and 25 ± 2°C to minimize this effect. The proportion of insecticide:synergist was 1:10 and low mortality (< 5%) was observed in preliminary assays with the synergists used alone at concentrations of up to 3 mg cm Ϫ2 , higher than those used in this investigation when in mixture with organophosphates. The use of a constant insecticide synergist ratio in mixtures was chosen instead of pre-exposing larvae to a constant synergist concentration in order to: (i) speed up the bioassay, as the larvae do not survive long out of their mines; (ii) avoid excessive handling of the larvae, thereby minimizing any control mortality; and (iii) allow uniform availability of both insecticide and synergist to the insects. Insecticide concentrations were calculated as g a.i. cm Ϫ2 of treated surface. Mortality assessment was made after 6 h and insects were counted as dead if they were unable to walk after prodding. Such a short exposure time may lead to overestimated levels of resistance because many compounds may not achieve complete kill so quickly. However the insecticides used in this study are known to be fast acting compounds which, aided by the less restrictive mortality criteria adopted (i.e. inability to walk), reduced this possibility. The LC 99 s estimated from the concentrationmortality curves for the standard susceptible population were used as discriminating concentrations to screen the field-collected populations for resistance. Five replicates with 20 insects each were used for the monitoring bioassays.
Statistical analyses
Concentration-mortality data were subjected to probit analysis (PROC PROBIT; SAS Institute, 1989). The resistant populations in the monitoring bioassays were identified using LC 99 s as discriminating concentrations, by the onesided Z test at 95% confidence level with correction for continuity (Roush & Miller, 1986) . The effect of the synergists was investigated using Dunnett's test at P < 0.05 by comparing the insecticidal activity with and without synergists against each of the selected populations (SAS Institute, 1989) . Path analyses were used to test the hypothesized relationships between the rate of insecticide use and frequency of individuals resistant to each one of the organophosphate insecticides under study. These analyses were carried out using the procedures PROC REG and PROC CALIS from SAS (SAS Institute, 1989) , following guidelines provided by Mitchell (1993) . The variables, the total number of insecticide applications per year, the number of organophosphate applications per year, the number of applications per year of each insecticide under study, and the mortality at the discriminating concentrations of these insecticides did not satisfy the normality assumptions (PROC UNIVARIATE; SAS Institute, 1989), and transformation was necessary. The first three variables were transformed to log(x + 1), while the last was transformed to arcsin(x(%)/100).
Results
Resistance detection
Concentration-mortality regression lines for the standard susceptible population of L. coffeella exposed to chlorpyrifos, disulfoton, ethion and methyl parathion are presented in table 2. The probit model adopted was suitable for the concentration-mortality analyses as mortality values predicted by the probit model did not differ significantly Insecticide use and resistance in Leucoptera coffeellafrom values observed in the bioassays (low 2 -values and P > 0.05). The screening of the field-collected populations with the discriminating concentrations allowed the recognition of resistant populations (table 3). All but two field populations (Ponte Nova and Simonésia), showed apparent resistance to disulfoton. Five populations showed resistance to ethion (Araguari, Bambuí, Capelinha, Patrocínio and São Gotardo), four showed resistance to methyl parathion (Araguari, Bambuí, Patrocínio and São Gotardo), and one population showed resistance to chlorpyrifos (Araguari). The frequency of resistant individuals in these populations ranged from 10 to 93% for disulfoton, 53 to 75% for ethion, 23 to 76% for methyl parathion, and 35% for chlorpyrifos. A comparison across compounds for individual populations in table 3 shows great variation in the frequency of resistant individuals among the different field populations and suggests differences in cross-resistance patterns among them.
Association between insecticide use and resistance
Insecticide use varied widely between sites, ranging from 0 to 22 applications per year (table 1). As L. coffeella prefers warm, dry conditions (Reis & Souza, 1986) , it was hypothesized that temperature and rainfall would affect the frequency of insecticide use eventually leading to an increase in the frequency of resistant individuals in each population, measured as a decrease in mortality to insecticides. This would occur because higher temperatures and lower rainfall favour infestations of the leaf miner, necessitating a higher frequency of insecticide use in these regions thereby favouring the selection of insecticide resistance in this species. The model was tested for all four insecticides studied and significant models (P > 0.05) by the 2 goodness of fit test were obtained for chlorpyrifos, disulfoton and ethion ( fig. 1 ), but not for methyl parathion ( 2 = 23.15; df = 11; P = 0.02), probably due to its use at only two of the sites surveyed ( the path analysis may have direct and/or indirect effects on the derived path variable, which may even be antagonistic, and their added effects result in the total effect on the path. Temperature and rainfall for instance, create conditions that lead to a higher number of insecticide applications per year and have indirect effects on all other variables. Direct, indirect and total effects for the path diagrams ( fig. 1) There was no significant correlation between average annual temperature (°C) and annual rainfall (mm), but an increase in both showed a significantly positive trend with the total number of insecticide applications per year (P < 0.10) ( fig. 1) . However, the additive effect of these components was not significant (R 2 = 0.39; P = 0.14) (table 4). Greater insecticide use in general led to a greater use of organophosphates (R 2 = 0.91; P < 0.0001), but greater use of organophosphates was not correlated specifically with the usage of chlorpyrifos (R 2 = 0.01; P = 0.80), disulfoton (R 2 = 0.02; P = 0.69) or ethion (R 2 = 0.04; P = 0.55) ( fig. 1; table 4 ). This suggests that additional organophosphate products were used by farmers at times of high insecticide use. Increase in insecticide usage had a significant negative effect on the levels of mortality achieved by disulfoton (R 2 = 0.78; P = 0.009) and ethion (R 2 = 0.70; P = 0.02), but not on mortality caused by chlorpyrifos (R 2 = 0.36; P = 0.34) (table 4) probably due to the little variation in mortality caused by this insecticide (table 3) . Total number of insecticide applications and, in particular, the number of organophosphate applications appeared to be the major factors reducing mortality caused by disulfoton and ethion, probably by favouring selection for resistance to these compounds throughout the year. Nonetheless, the number of disulfoton and ethion applications per year had no significant effect on the levels of mortality achieved by these compounds, suggesting that cross-selection by other insecticide(s) may be leading to disulfoton and ethion resistance ( fig. 1 ; table 4).
Synergism and resistance suppression
All synergists were able to significantly potentiate the insecticidal activity of chlorpyrifos, methyl parathion and chlorpyrifos (table 2). In contrast, the synergists did not enhance the activity of disulfoton, reducing its potency, and the synergists showed contrasting effects on ethion with diethyl maleate existing synergism, piperonyl butoxide exhibiting antagonism and triphenyl phosphate marginally reducing activity (table 2) .
The % mortality of strains of L. coffeella exposed to 1:10 mixtures of insecticide:synergist at the estimated LC 99 concentrations for the standard susceptible population are presented in table 5. No synergist was able to suppress the only instance of chlorpyrifos resistance suggesting target site insensitivity as the likely resistance mechanism in this case. In contrast, piperonyl butoxide provided nearly complete suppression of disulfoton resistance, followed by diethyl maleate and triphenyl phosphate, but all synergists reduced disulfoton activity on the susceptible population. This was also the case for piperonyl butoxide suppression of ethion resistance. Triphenyl phosphate and diethyl maleate provided partial suppression of ethion resistance in two populations and piperonyl butoxide was the only synergist to provide partial suppression of resistance to methyl parathion in one population (table 5) .
Discussion
Resistance to the organophosphates chlorpyrifos, ethion and fenthion in Brazilian populations of L. coffeella was reported previously by Alves et al. (1992) . However, the frequency of resistant individuals was relatively lower (< 50% for ethion, < 35% for ethion, and < 12% for chlorpyrifos) than reported here. Resistance to disulfoton, the main systemic insecticide used against L. coffeella in Brazil, and to methyl parathion, one of the oldest insecticides still in use against this coffee pest are reported here for the first time.
Resistance to ethion and chlorpyrifos does not appear to have spread much in the last ten years based on the results reported here compared with those of Alves et al. (1992) . Resistance to methyl parathion has spread to the western part of the State of Minas Gerais and disulfoton resistance was observed throughout Minas Gerais, except in the southeast. Curiously, the resistance problems appear more serious in the west reflecting the distinct climate and agricultural practices of this region. In Araguari (west of Minas Gerais) the situation appears particularly serious with the highest frequencies of resistant individuals to all four insecticides studied. This trend was first reported by Guedes & Fragoso (1999) and is reinforced in this study. The variation in resistance patterns and the lack of a synergism pattern among different populations of L. coffeella suggest different regional patterns of cross-resistance with possible involvement of target site insensitivity as an additional resistance mechanism.
Leucoptera coffeella is deeply affected by weather conditions (Reis & Souza, 1984 Nestel et al., 1994) . Greater infestations are observed in warmer areas during the drier months (Reis & Souza, 1984 . The western coffee producing region of Minas Gerais is warm with two distinct dry periods -a shorter one (≈ 30 days), around February/March, during the rainy season, and a longer one corresponding to the dry season which lasts from June to October. As a consequence, there are two L. coffeella outbreak peaks in this region, in April/May and September/October (Souza et al., 1998) , requiring intensive insecticide use (up to 22 applications per year concentrated during the outbreak periods). Outbreaks of L. coffeella take place only during the dry season in the other coffee producing regions requiring less insecticide use to contain them, especially in southeast Minas Gerais (Reis & Souza, 1984; Souza et al., 1998) . This pattern of insecticide use was observed in our survey and an association between weather conditions, insecticide use, and resistance was hypothesized in a path diagram model.
There appeared to be a positive but weak influence of temperature and rainfall on the farmers' frequency of insecticide use. The temperature effect was expected because higher temperatures favour L. coffeella outbreaks (Reis & Souza, 1986 ) requiring more insecticide applications to achieve control. Rainfall, in contrast, may wash away the applied insecticides so reducing their efficiency and requiring additional applications. However, the added effect of both weather variables was not significant suggesting the involvement of other factors, possibly relative humidity as this is also reported to have a strong negative effect on L. coffeella abundance (Reis & Souza, 1986 ). 
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The effects of number of insecticide applications per year and number of organophosphate applications per year are the same for all three insecticides. Direct effects are path coefficients. An asterisk indicates that the path is significant at 5%.
Farmers who relied heavily on insecticides tended to prefer to use organophosphates. This greater use of organophosphates favoured resistance development, as shown by our path analyses for disulfoton and ethion. The frequency of use of chlorpyrifos, disulfoton, ethion and methyl parathion did not appear to be sufficient to select for resistance to these compounds at present, suggesting crossselection with other insecticides, possibly other organophosphates based on our path analyses. Therefore, cross-resistance (i.e. resistance to two or more insecticides due to the same mechanism) appears to be present in Brazilian populations of L. coffeella resistant to organophosphates. Bardner & Mcharo (1988) also suggested the occurrence of cross-resistance in organophosphate resistant populations of L. meyricki.
Insects use enzymes not only to maintain homeostasis, but also to protect themselves against xenobiotics (Taylor & Feyereisen, 1996) . Among the known insecticide resistance mechanisms, enhanced activity of detoxification enzymes is common, as is target site insensitivity (Scott, 1990 (Scott, , 1999 Taylor & Feyereisen, 1996; ffrench-Constant, 1999) . Preliminary evidence of their involvement in insecticide resistance can be obtained by using synergists (Brindley & Selim, 1984; Scott, 1990; Bernard & Philogène, 1993) . The synergists diethyl maleate, piperonyl butoxide, and triphenyl phosphate are reported as inhibitors of the main detoxification enzymes commonly involved in insecticide resistance: glutathione S-transferases, cytochrome P450-dependent monooxygenases, and esterases, respectively (Raffa & Priester, 1985; Bernard & Philogène, 1993; Scott, 1999) . However, there are confounding effects of synergists acting to increase insecticidal uptake or interfering with nontarget detoxification enzymes (Scott, 1990) .
Resistance suppression by a particular synergist suggests the involvement of the enzyme blocked by it as the resistance mechanism. This was achieved in our study mainly by the synergist piperonyl butoxide, suggesting a major involvement of cytochrome P450-dependent monooxygenases as the resistance mechanism to organophosphates in L. coffeella, with minor involvement of glutathione S-transferases and esterases. Since partial suppression of resistance was achieved with different synergists in most, but not all populations, suggesting the involvement of two or even three separate detoxification enzymes, multiple resistance (i.e. resistance to a compound due to the co-involvement of two or more different mechanisms) may also occur in L. coffeella populations resistant to organophosphates. However, the antagonistic activity of synergists that decrease insecticide potency against the susceptible population casts doubt on some of Table 5 . Control corrected mortality of field-collected populations of Leucoptera coffeella exposed to discriminating concentrations of insecticide in mixture with synergists (1:10 ratio). Mortalities that differ significantly between insecticides with or without a synergist are followed by an asterisk (Dunnett's test, P < 0.01).
Underlined mortality values indicate significant synergism and non-underlined values indicate significant antagonism.
these conclusions. Chlorpyrifos resistance in the leaf miner population from Araguari was not affected by synergist use suggesting the likely involvement of altered acetylcholinesterase leading to target site resistance as one of the resistance mechanisms in this population. Target site resistance may also occur in other populations, a possibility not properly explored in this investigation. Further studies on organophosphate resistance mechanisms in L. coffeella using in vitro colorimetric assays may shed light on this important aspect and help in the design of further resistance management strategies. Such information could, for example, help in the selection of suitable insecticides for use in rotation, or in mixtures, and even allow the use of insecticides with negative cross-resistance, as suggested for other insect pests (Zhu & Clark, 1995; Guedes et al., 1997) .
